abstract: The basic aim of this study was to find relations between the dates of occurrence and characteristics of extensive extreme daily (24-h) precipitation totals (EEDPTs) and pressure systems. The analysis was conducted on the basis of precipitation data from the multi-year period 1956-1980 and the Grosswetterlagen classification of circulation situations. EEDPTs were taken to embrace those cases of maximum annual daily precipitation totals that were registered on the same day at a minimum of 75 precipitation stations. In the years 1956-1980 there were 209 such events. The hypothesis about the effect of a circulation situation on the probability of occurrence of an EEDPT was verified in quantitative terms, the reference being both the entire multi-year period and the seasonal variation in the occurrence of precipitation of this type. Next, circulation situations were compared in terms of amount-related parameters of EEDPTs (mean precipitation, coefficient of variation), their spatial features (perimeter, area), and precipitation volume. The analyses performed show a statistically significant dependence between the atmospheric circulation and extensive extreme precipitation. It was demonstrated that there were circulation situations during which EEDPTs occurred much more often or much more rarely than over the entire multi-year period under study. Also identified was the connection of an atmospheric circulation with the mean amount, coefficient of variation and volume of extensive extreme precipitation. key words: extensive extreme precipitation, daily precipitation totals, atmospheric circulation,
Introduction
Extreme precipitation is the main cause of floods. They often bring about both, disturbances in the environmental equilibrium and economic losses, and sometimes also a loss of life. That is why research on the genesis and quantitative characteristics of this type of events is of great significance (Heino et al. 1999) . The possibility of forecasting them, if only as a probability, would give people a chance of avoiding much damage. High daily precipitation totals mostly produce rises and floods in small catchments and in urbanised areas. However, if there is an extreme rainfall over a large area or for many days, the effect can be a most catastrophic flood. An example of such a situation in Poland was the so-called 'millennium flood' of July 1997, which caused losses in excess of 9 billion zlotys (International Commission for the Protection of the Odra River against Pollution 1999) and a death toll of 54. Other, similar cases were noted in July 1934, July 1970 (Niedźwiedź et al. 1999) , and May and June 2010.
The issue of atmospheric precipitation in normal and anomalous amounts has been taken up in the Polish climatological literature many times (Mrugała 2001) . In the recent years, one of the scholars dealing with it has been Twardosz (2009) . He examined the relation between three precipitation characteristics in Cracow: maximum amount, duration, and the so-called above-threshold probability. An effect of his work was a probabilistic model describing dependencies among those characteristics. In turn, Łupikasza (2010b, Łupikasza et al. 2011 ) sought tendencies in the temporal and spatial variability of extreme precipitation. She found a downward trend in the occurrence of days with high daily precipitation totals in Poland over the years 1951-2006. There have also been many publications reporting a search for a connection between atmospheric circulation and atmospheric precipitation. Most of them focused on the influence of circulation on precipitation in mountain areas and the disastrous effects of high rainfall totals (Morawska-Horawska 1971 , Kwiatkowski 1984 , Cebulak 1992 after Ustrnul, Czekierda 2001 . As a consequence, we have a fairly good knowledge of circulation situations responsible for high precipitation values in mountain areas. It has been found that the chief factors here are a relatively weak cyclonic system over south-eastern Poland, Hungary or western Ukraine bringing cold and moist air masses from the north and north-west, as well as mountains as an orographic barrier causing the condensation of water vapour (Ustrnul, Czekierda 2001) .
However, there have been relatively few analyses embracing the entire area of Poland, and often based on short measurement series or only monthly precipitation totals (Kożuchowski 1986 , Bogucka 1998 after Ustrnul, Czekierda 2001 . Relying on an almost 50-year measurement series and data from 53 Polish measuring stations, Ustrnul and Czekierda (2001) took up this problem using the Grosswetterlagen classification. Their research confirmed that atmospheric circulation could bring extreme values of precipitation, the main cause of their occurrence being the inflow of air masses from the north, north-west, or west. They also found that what controlled maximum daily precipitation totals was a cyclonic system of winds over Central Europe. Twardosz (2007) sought to establish day-to-day variations in the frequency of atmospheric precipitation in the warm half of the year with reference to circulation types in Cracow using their classification proposed by Niedźwiedź. Łupikasza (2010a) undertook to describe and compare the circulation classifications proposed by Lityński, Niedźwiedź and Ustrnul, and to analyse them in terms of the probability of high values (in excess of 10 mm) of daily precipitation totals. She also confirmed that cyclonic wind systems played a significant role in producing high rainfall.
The research on extreme precipitation over the area of Poland largely focuses on the temporal and spatial variations in precipitation and its connection with atmospheric circulation. However, those studies are not flawless, in particular because of scholars relying on too small a number of measuring stations and tending to concentrate on temporal variations. They have not taken up issues concerning extensive extreme daily precipitation totals, their amount or spatial features, basing their conclusions on a study of a large population of this type of events selected according to a uniform criterion. Since the greatest threat is posed by high and lasting precipitation over extensive areas, the spatial criterion of identifying extremes should be as important as that of the amount or recurrence of precipitation.
The chief aim of this article is to establish relations between atmospheric circulation and extensive extreme precipitation in Poland. A study was made of the frequency of its occurrence in the individual circulation types and the potential role of its seasonal variations. Next, using the precipitation totals obtained and their location, a relation was sought between the individual circulation situations and the mean value of precipitation, its volume, the size of the area where an extensive extreme daily precipitation total (EEDPT) occurred, and its perimeter. To this end use was made of the Grosswetterlagen typology (GWL) (Gerstengarbe et al. 1999) . It is useful for analyses of a connection between atmospheric pressure and other climatic characteristics of Central Europe. Based on near-surface pressure patterns and those at an altitude of 500 hPa, it is especially helpful in precipitation studies (Ustrnul, Czekierda 2001) . Earlier research employing data from the area of Poland has corroborated GWL to be of great value (Ustrnul, Czekierda 2001 , Nowosad 2007 , Radomski 2008 , Radomski, Widawski 2011 , Ustrnul, Wypych 2011 .
Measurement data
The analyses presented below rely on data embracing daily atmospheric precipitation totals and circulation types.
The basic source of information about precipitation amounts was Precipitation Yearbooks embracing the years 1956-1980, published by the State Hydro-Meteorological Institute and then by the Institute of Meteorology and Water Management. They contain, among other data, maximum annual daily precipitation totals from all measuring stations and daily precipitation totals from about 350 measuring sites. The above study period is especially important because of the relatively high density of the measuring network: the number of rainfall stations ranged from 1,867 in 1956 to 2,654 in 1975 2,654 in (Stach 2009 ). Today the Polish measuring network is half this size (Stachy 1999) . The database thus obtained was then expanded to include analogous data collected by the German Meteorological Service (Deutscher Wetterdienst) in a 30-km wide zone west of the Polish border. The database contained planar rectangular coordinates of the rainfall stations in the 1992 system (PUWG 1992), their altitude in metres above sea-level, and a daily precipitation total in millimetres.
With the above data set at hand, an arbitrary assumption was made that extensive extreme daily precipitation totals (EEDPTs) were situations when a maximum annual daily precipitation total was recorded one day at a minimum of 75 measuring stations. This number of data allows calculating reliable statistics, both classical and spatial. On the other hand, taking into consideration the multi-year average density of measurement sites and assuming precipitation continuity, this means that the precipitation area has to cover at least 10 thous. km A maximum annual daily precipitation total on the 209 dates examined was recorded 34,321 times. Those data were augmented with a set of 80,074 daily precipitation totals available from the Precipitation Yearbooks (ca. 350 stations each year). Thus, initially our database contained 114,395 measurements of daily precipitation totals, but some of the data repeated themselves. Some daily totals were published both, as a maximum annual 24-h total and as a daily-measured 24-h total. It was necessary to identify those cases and to remove the duplicates. As a result, the ultimate database had 109,123 entries concerning the locations and values of daily precipitation totals.
The rate of the kernel density of the EEDPT data to all the maximum annual daily totals from the 209 dates showed significant spatial variations in the frequency and value of the extensive extreme precipitation. It usually occurs, and is the most efficient, in the West Carpathians, the Sudeten, between the mid-course of the Vistula and Warta, and in the mid-course of the Oder (Fig. 1) . The spatial distribution of EEDPTs also displays seasonal variations. The EEDPT dates examined show a strong seasonal variability, too: 86% of the recorded cases can be found between the last decade of May and the last decade of August. The earliest case of an EEDPT was noted on 2 April, and the last one, on 22 November (Fig. 2) . The EEDPTs recorded in April and between September and November are markedly less efficient than in the remaining months.
The EEDPT dates were compared against circulation types registered in the German Grosswetterlagen classification (GWL) ( Table 1) . It has been worked out by Hess and Berezowsky (Gerstengarbe et al. 1999) on the basis of the earlier works by Baur (James 2006) . Today it is made available and kept up-to-date by the German Meteorological Service, and it is possible to obtain data for a period from 1881 to 2012. The procedure of determining GWL circulation situations involves identifying the direction of movement of air masses, the location of pressure centres, and the type of rotation -cyclonic or anticyclonic (Schubert 1994) . The direction of air masses defines one of the three types of circulation -zonal, meridional or mixed. Next, depending on the location of a high, a low, and a frontal zone, one of eighteen weather situations is distinguished within them. The last stage is the identification of the wind system -cyclonic or anticyclonic, taking into consideration the pattern of isobars over Central Europe (Gerstengarbe et al. 1999) . To determine one of the twenty nine GWL categories, a minimum of a three-day characteristic system of air-mass flow (the so-called regime) is needed. If this condition is not met, the given date is defined as unclassified -U (Gerstengarbe et al. 1999) .
Methods
The analysed days of extensive extreme daily precipitation were selected on the basis of the number of measuring stations that registered a maximum annual daily precipitation total on the given day. The minimum number of stations assumed arbitrarily was 75; in the future this will allow a geostatistical analysis of the spatial structure of EEDPTs taking anisotropy into account (Isaaks, Srivastava 1989 , Leuangthong et al. 2004 . Over the 25-year period under study, such a situation occurred 209 times. For each of the selected dates a database was created consisting of maximum annual daily precipitation totals combined with daily precipitation totals measured for each day of the year.
Using the data collected for each date, a kernel density estimation was made (Levine 2010) . It is one of the possible interpolation techniques employed to generalise point phenomena over the entire study area. The procedure consists in placing a symmetric area over each point and determining the distance from the point to the given site on the basis of mathematical functions. It is reiterated at each location examined. The last stage is the summation of values for all sites at each place of the study area (Levine 2010) . The above technique requires a choice of several parameters that can affect the result obtained, i.e. an interpolation grid, a distribution density function, and the bandwidth. The interpolation grid employed in this article was one with a 4-km 2 cell area. This resolution turned out to be sufficiently precise while not prolonging the calculation time unduly. The normal distribution function was chosen as the most useful, because it was the only one that allowed extrapolating kernel density. A variable bandwidth was defined based on the adopted minimum of 25 possible points available. This made it possible to maintain a steady statistical precision of the results. Additionally an atmospheric precipitation total was adopted as a weight value, thus emphasising the significance of a location with high daily precipitation totals.
Using a histogram, the place was determined where a clear drop in the size of kernel density classes could be observed (Fig. 3B) . In this way threshold values were established for the identification of areas with the highest kernel density (Fig. 3C ). Areas with especially dense points of high precipitation totals were assigned the code '1' and converted into polygons (Fig. 3D) . The areas obtained in this way were enlarged to include a buffer zone of 50-kilometre width in order to facilitate the determination of the spatial extent of precipitation, and as a consequence, the autocorrelation range (Fig. 3E) . The last stage of data preparation was a selection of point data, i.e. locations, together with their registered precipitation values, situated in the area obtained (Fig. 3F, 3G ). On the basis of the set of data thus created, individual mean values, areas and perimeters of the precipitation field were determined. Also calculated was the precipitation volume as the product of the mean value and area of precipitation on the individual dates.
The first aim of the analysis was a quantitative verification of the hypothesis about the effect of a circulation situation on the probability of occurrence of an EEDPT. To this end use was made of the chi-2 test. A comparison of circulation situations against quantitative features of precipitation areas was another fundamental stage of the analysis. The small number of data imposed the use of methods belonging to non-parametric statistics: the Kruskal-Wallis test and multiple comparisons of mean ranks in groups (StatSoft 2006) . This method also made it necessary to exclude from further calculations those circulation situations that appeared less than five times (Siegel, Castellan 1988 after Mundry, Fischer 1998 , which eliminated six types of circulation data: HFZ, HM, HNFA, NA, SWA, and SWZ. In the case of the remaining ones, the hypothesis was advanced that the various circulation situations had different effects on the mean value, coefficient of variation, perimeter, area and volume of atmospheric precipitation.
Results

Relation of circulation situations to dates of occurrence of EEDPTs
All the data embracing the 1956-1980 period indicate that the most frequent synoptic situations were WZ (15.0%), BM (7.8%) and HM (7.4%), and the rarest ones, NA (0.9%), SZ (1.2%), and NWA (1.3%) (Fig. 4) . Those frequencies were compared against the 209 EEDPT dates registered over the years . Their distribution turned out to be markedly different. While situations described as WZ appear here most often too (15.3%), those closely following are TRW (10%) and TRM (7.4%). At the same time there have never been such situations as HNA, NWA, SA, SEA, SEZ, or SZ (Table 2 ). To determine the significance of the differences in the frequency of the synoptic situation types during EEDPTs, a comparison was made of the observed and expected values. The results revealed statistically significant differences between situation types on the examined dates of extensive extreme precipitation and in the multi-year period. In particular, they are especially well marked for the NEZ, HM, TRM, HNZ, TRW and HNA situations. The above result was corroborated using the chi-square test. It allowed assessing the significance of differences in the number of the individual types of synoptic situation between the EEDPT dates and the 1956-1980 period (StatSoft 2006) . There were statistically significant differences for the situations NEZ, HM, TRM, HNZ, TRW, HNA, SEA, and SA (Table 3) . In other cases the absence of statistically significant differences may be due to two reasons: either a similar number of occurrences of the given circulation situation on the EEDPT dates and in the 25-year period, or an insufficient number of data in the sample.
The relations between the number of the individual circulation situations on the dates under study and in the multi-year period make it possible to distinguish two groups of data (Fig. 5) . In one the frequency of concrete circulation situations is markedly greater than in the multi-year period. It includes the following situations: 'north-east, cyclonic' (NEZ), 'Central European trough' (TRM), 'north, Iceland high, cyclonic' (HNZ), and 'West European trough' (TRW). They are registered almost two to four times more often on days with extensive maximum daily precipitation totals than in the entire 1956-1980 period. Two of them (TRM and TRW) are low-pressure troughs extending over Central Europe. What the other two (NEZ and HNZ) have in common is an extensive high often stretching from the Azores to Scandinavia but not embracing Poland, and a cyclonic system of winds. In the other group embracing the circulation situations 'Central European high' (HM), 'north, Iceland high, anticyclonic' (HNA), 'south-east, anticyclonic' (SEA), and 'south, anticyclonic' (SA), the frequency of concrete circulation situations is lower than in the multi-year period. This justifies the conclusion that the HM, HNA, SEA and SA situations are not favourable to the occurrence of extensive and efficient daily precipitation. What connects HM, HNA, SEA and SA is the appearance of a high over Central Europe and an anticyclonic system of winds (Gerstengarbe et al. 1999) .
Many natural phenomena are observed to lag behind the moment when their cause has occurred. This is also the property of atmospheric precipitation. Hence it was decided to examine circulation situations two days before the relevant date and a day after it. They were termed additional days. The set of circulation situations obtained in this way (the relevant days plus the additional ones) included 659 dates and was compared against the entire 25-year period (Table 2) . Table 1) This group of dates was also examined using the chi-2 test for the significance of differences. The results showed several circulation situations in the group to differ significantly from those for the entire 1956-1980 period.
The results obtained for EEDPTs including the additional days embrace all cases significantly different for EEDPT dates alone as well as eight situations previously insignificant (Table 3, Fig.  6 ). Half of them (SWA, SWZ, SEZ and SZ) probably did not show significant differences in the set Ustrnul and Czekierda (2001) , from the occurrence of very heavy, torrential rains exceeding 150 mm per hour in intensity. An important element of the research was checking the effect of seasonal variations in the occurrence of GWL circulation types against the EEDPT dates. The dates under study only occurred from April to November. This seasonal distribution could affect the frequency of GWL types in relation to the entire multi-year period. Therefore a comparison was made of the frequency of EEDPTs against (1) circulation situations between April and November, and (2) circulation situations on analogous days of the year.
To examine the effect of the seasonal variation in the GWL circulation types on the occurrence of EEDPTs, out of the entire database embracing the (Table 4) . Those were dates of the earliest and the latest occurrence of extensive maximum precipitation in the multi-year period. Next the significance of differences between the frequencies of circulation situations on the EEDPT dates and in the selected season was tested. It was demonstrated that there were several GWL types significantly differing in the dates of occurrence of extensive maximum precipitation Circulation situations differing significantly (p<0.05) are described in the diagram using abbreviations Fig. 7 . Proportion of selected circulation types from the Grosswetterlagen classification in the selected season over the years and on the 209 EEDPT dates. Circulation situations differing significantly (p<0.05) are described in the diagram using abbreviations from the entire season (Table 3) . They mostly coincided with situations compared against the entire 25-year period, the only exceptions being WA and TRW situations. The proportion of WA on EEDPT dates significantly differed from the figure for the entire season. This situation happened more often between 2 April and 22 November (5.81%) than in the 1956-1980 period (4.86%). At the same time it was registered fairly rarely on EEDPT dates (2.39%). The results obtained for the TRW situation look different. Its number on the dates of occurrence of EEDPTs was significant in terms of the entire 25-year period, but insignificant in terms of the season. The earlier TRW result was an effect of a seasonal variation in this type of circulation situation. As a consequence, the TRW situation cannot be taken into consideration as a significant cause of extensive extreme precipitation.
To compare the frequency of EEDPTs against circulation situations occurring on analogous days of the year, the day of the year with an EEDPT event was given a number. In this way a set of data was created embracing circulation situations for day numbers in the year over the entire multi-year period analogous to EEDPT dates. In effect, 2,750 dates were chosen, which corresponds to 110 days for each of the years. In the analysis use was also made of a comparison of observed to expected values and of the chi-2 test. The latter turned out to be statistically significant in the case of nine circulation situations (Table  3) . Three of them (WW, NWA and TM) were not statistically significant on previous examination. This suggests that they occur significantly more often during extensive extreme precipitation events than on the same dates in the multi-year period. The WW and TM situations appear more often during EEDPTs than on analogous dates. A characteristic of a WW is an inflow of air masses from the west and the formation of a frontal zone over Poland, while a TM situation involves a wide-ranging low over Central Europe. On the other hand, an NWA situation did not appear even once on EEDPT dates, but was registered in almost 2% of cases of analogous dates. As in the previous calculations, TRM, HNZ and NEZ were much more frequent. In turn, HNA, HM and WA situations were observed markedly more rarely on EEDPT dates than on analogous days of the year (Fig. 8) .
Relationship between circulation situations and EEDPT features
Extensive extreme precipitation was described using such features as mean precipitation, coefficient of precipitation variation, as well as the area, perimeter and volume of precipitation. The median, interquartile range, as well as the ranges and most outlying values of those EEDPT features are presented in Figure 9 .
The number of data in the EEDPT database embraced from 74 measuring sites on 10 June 1959 to 609 measuring sites on 4 August 1979. On the individual 209 EEDPT dates, the mean atmos- Fig. 9 . Number of data, mean precipitation total, coefficient of precipitation variation, precipitation area, perimeter of the precipitation area, volume of the EEDPT data
The hypothesis was put forward that the EEDPT features differed significantly depending on the circulation situation. In the 25-year period extensive precipitation was found to occur 209 times. On those dates there were twenty four different circulation situations, of which six appeared less than five times: HFZ, HM, HNFA, NA, SWA, and SWZ. They were eliminated from further calculations because this is a quantity insufficient for the purposes of non-parametric statistics (Siegel, Castellan 1988 after Mundry, Fischer 1998 (Table  5 ) suggest statistically significant differences among the above circulation situations in terms of the mean EEDPT value, its volume, and the coefficient of precipitation variation. The results presented in Figures 10A, 10B and 10C show there to be significant variations in the individual precipitation features -mean, coefficient of variation and volume -among the GWL circulation situations. A post-hoc test of multiple comparisons of mean ranks for all groups was performed for those EEDPT features. In the case of mean precipitation and the coefficient of variation, it did not show significant differences between the successive pairs of circulation situations. A statistically significant difference only appeared in the case of the precipitation volume and involved TRM and HNZ situations. Precipitation registered in a TRM situation had the greatest mean volume (3.84 km 3 ) and the highest standard deviation of the volume (1.38 km 3 ), while that occurring in a HNZ situation showed the lowest mean volume (2.04 km 3 ) and a relatively slight standard deviation of the volume (0.59 km 3 ) (Fig. 10C) . It was not possible to indicate any circulation situation producing statistically significant differences in mean precipitation and in the coefficient of precipitation variation, and in the set of EEDPT volumes only one pair of significantly differing circulation situations were discovered. This result is due to the small number of EEDPT data. Moreover, most of the EEDPT cases (195 of 209) extended beyond the borders of Poland. A study of extensive extreme precipitation on larger study areas over longer time spans should reveal more pairs of circulation situations significantly differing not only in terms of the volume, but also mean precipitation and the coefficient of variation of EEDPTs.
Conclusions
The results obtained make it possible to trace some regularities. A marked effect on the occurrence of extensive extreme daily precipitation totals is exerted by atmospheric circulation. Factors favourable to such events are a low-pressure system and the contact of warm and cold air masses. A cyclonic system of winds also often plays a major role in the formation of EEDPTs. This corroborates the results obtained by Łupikasza (2010a) , who found cyclonic types of circulation based on the classifications by Niedźwiedź and Ustrnul to have a significant effect on the occurrence of high precipitation totals. In turn, on days when extreme precipitation is recorded rarely or never, there is an anticyclonic wind system. Worth emphasising is the fact that an EEDPT was recorded very rarely in circulation situations involving southern advection. It was also demonstrated that circulation situations preceding and following the days with extensive maximum precipitation usually displayed similar features. It was, however, possible to observe a cold front from the north or north-west influencing the formation of an EEDPT. The final finding of the analysis of pressure systems was that some Grosswetterlagen circulation situations for EEDPT dates differed significantly from those situations recorded for dates between April and November.
The hypothesis that the circulation situation had an impact on precipitation features was corroborated for mean values, the coefficient of variation and volume of precipitation, which differed significantly among circulation situations. However, one should be aware of the imperfection of the calculations performed. Because of the small set of data, a non-parametric statistical method was employed and calculations were made for a part of possible circulation types. Still, the results obtained justify the claim that individual circulation situations (i.e., the direction of inflow of air masses, the location of high-and low-pressure systems, and the direction of rotation) can not only cause the occurrence of EEDPTs, but also determine their amount. This issue, however, requires a more detailed analysis based on a much greater number of cases.
